Alzheimer's disease (AD) is the most prevalent chronic neurodegenerative disease. Current approved therapies are symptomatic treatments having some effect on cognitive function. Therapies that target amyloid (A) have been the focus of efforts to develop a disease modification treatment for AD but these approaches have failed to show any clinical benefit so far. Beyond the 'A hypothesis', there are a number of newer approaches to treat AD with neuroinflammation emerging as a very active area of research based on risk gene analysis. This short review will summarize approved drug therapies, recent clinical trials and new approaches for the treatment of AD.
Introduction
Alzheimer's disease (AD) is the most prevalent chronic neurodegenerative disease with 5.7 million people living with the disease in the USA alone and this is projected to increase to 13.8 million people by 2050. 1 Globally, the number of people currently suffering with dementia is estimated to be 50 million of which 30-35 million have AD. 2 The risk of developing the disease is influenced by both genetic and environmental factors, however the biggest risk factor by far is age; the older you are the more likely you are to develop the disease but it is not an inevitable part of ageing. For instance, about one in 50 people aged between 65 to 69 have dementia, and this figure rises to one in five for those aged between 85 to 89. 2 Given the global increase in life expectancy, this represents a huge societal and economic challenge with the impact extending to those living with AD, along with their caregivers and family. The disease often manifests itself initially as short term memory loss and as the disease progresses symptoms include language problems, disorientation, mood swings and behavioural issues (agitation, sleep changes, psychosis). Eventually the disease progresses to loss of bodily function and ultimately to death. There are two pathological hallmarks of the disease found in the brain of individuals with AD: extracellular amyloid plaques and intracellular neurofibrillary tangles (Figure 1) . 3 These were first recognised in 1906 by Alois Alzheimer after whom the disease is named. 3b We now recognise that the plaques are largely composed of -amyloid peptides (A) derived from amyloid precursor protein (APP), while the neurofibrillary tangles are composed of the tau protein (microtubule associated protein). As the disease advances, these pathologies progress along with brain shrinkage due to neuronal atrophy. (Figure 2) . Human genetics has significantly enabled our understanding of the disease and the approaches that have been taken to discover new therapies. Rare autosomal dominant mutations in three genes, APP, presenilin 1 (PSEN1) and presenilin 2 (PSEN2) cause familial Alzheimer's disease (FAD). FAD accounts for 2-3% of AD cases and usually has an earlier onset with symptoms developing in people in their 30s or 40s.
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In 1992, Hardy and Higgins postulated that the "deposition of amyloid  protein (AβP) … is the causative agent of Alzheimer's pathology and that neurofibrillary tangles, cell loss, vascular damage, and dementia follow as a direct result of this deposition". 4 Given that the APP protein is the source of A found in plaques, and that it subsequently became clear that the PSEN genes encode the catalytic subunit of the secretase enzyme that cleaves APP (along with -secretase) leading to the generation of A peptides, this led to the molecular basis of the "-amyloid hypothesis of AD". 4 How A peptides (be that soluble, oligomeric, or plaque) leads to cell death remains controversial. Similarly, how tau tangles affect neural function, the relationship between -amyloid and tau tangles, and the apparent inter-neuronal spread of tau, are all areas of intense research.
The recent clinical failures (discussed below) of a number of therapeutics that attempt to test the "amyloid hypothesis of AD" might lead to the suggestion that this hypothesis has been disproven.
However, it is our view that the A hypothesis is still central to causation of the disease and has yet to be adequately tested either because of flaws in the various therapeutics tested or because the clinical trials need to be performed on subjects much earlier in the disease process. Whether A or tau are the better drug target is unknown at this moment, and perhaps a moot point; both appear to be central to the disease process and so it is likely that combination therapies modulating both pathologies will ultimately be most successful.
As well as the identification of autosomal dominant mutations, extensive genome wide association studies (GWAS) in AD have led to the identification of numerous risk alleles. 5 The most significant of these is apolipoprotein E4 (ApoE4) with homozygosity leading to an 8 fold increase in risk of AD. However, despite a significant effort, the biology that underpins this increased risk conferred by ApoE4 remains to be fully understood. In the absence of this knowledge, it remains unclear if positive or negative modulation of ApoE4 would be beneficial. Furthermore, ApoE is a lipid-binding protein and is likely to be a challenging drug target for a small molecule even when there is an understanding as to the required modulation of function. A group of other genes identified through GWAS all point towards a role for neuroinflammation and microglial cells in AD. This is becoming an important area of research.
 Therapeutic approaches to AD, like most chronic degenerative diseases, can be broadly divided into three categories: symptomatic, disease modifying, and regenerative.
Current approved therapies (cholinesterase inhibitors and glutamate antagonists) are symptomatic having some effect on cognitive function. There remains a significant unmet medical need for symptomatic treatments that impact more effectively the cognitive domain and also the other distressing symptoms such as agitation, psychosis and sleep disturbance. 6 Most ongoing efforts to find new therapies are focussing on disease modification/disease progression; the premise is that if the onset of the disease can be delayed, or the progression of the disease slowed, then people will live longer without the developing AD. To date approaches have largely focussed around intervention in the A cascade and tau biology. The third category, regeneration, remains very much a hypothetical approach. Regenerating a diseased brain, replacing lost neurons and circuitry, is arguably a step too far for AD at this time.
Clinical trials for AD have proven challenging, largely because the rate of disease progression is many months (meaning the trials often last 18 months or more), and the registerable endpoints recognised by the regulatory agencies are measures of cognitive performance. 7 These are generally considered less robust an endpoint than biochemical or physiological measures. Good strides have however been made with pharmacodynamic endpoints. For instance, cerebrospinal fluid (CSF) A concentrations are routinely used as a biomarker for assessing compounds whose mechanism is inhibition of the enzymes that generate A from APP. 8 Similarly, there are now good positron emission tomography (PET) ligands available that support visualisation and quantification of both A plaques and tau tangles. This is beginning to enable the correlation of the change in these classical pathological markers of the disease with disease progression as measured by the cognitive scales. 9 For example florbetaben (1), flutemetamol
(2) and florbetapir (3) are diagnostic radiotracers developed for routine clinical application to visualize A plaques in the brain. 18 
Approved Therapies
There are currently no approved therapies which directly target AD pathology. Existing treatments are symptomatic, aimed at ameliorating cognitive function through two different modes of action: agonism of the cholinergic system and antagonism of the N-methyl-D-aspartate receptor (NMDA-receptor).
Since the 1970s, the cholinergic system has been shown to have an important role in cognition, with the observation that anticholinergic drugs, such as scopolamine, have negative effects on cognitive function. 10 Indeed, it has recently been shown that high levels of cumulative exposure to anticholinergics correspond to an increased risk of dementia. 11 The current main treatment strategy for AD, as recently reviewed, 12 is therefore to increase levels of acetylcholine via the administration of compounds that inhibit acetylcholinesterase, the enzyme which catalyzes its degradation. There are currently three FDAapproved cholinesterase (ChE) inhibitors: rivastigmine (4), donepezil (5) , and galantamine (6) . rivastigmine (4) donepezil (5) galantamine (6) ChE inhibitors have been shown not only to have statistically significant effects on patient cognition and function, 13, 14 but also positive outcomes on the societal and economic burden of AD, as demonstrated by an observed delay in nursing home placement, 15 and reduced caregiver burden. 16 Since 2007, rivastigmine (4) has been available as a transdermal patch, which has also been shown to improve caregiver burden and treatment adherence. 17 The long-term benefits of ChE inhibition are debatable however, with some studies claiming long-term efficacy 18 and others showing no improvement in rate-of-progression to AD compared to placebo after 3 years. 19 While ChE inhibitors have shown clinical use for mild to moderate AD, there were no available treatments for patients with moderate to severe AD until 2003, when the FDA approved memantine (7) . Memantine acts as a non-competitive, fast off-rate NMDA-receptor antagonist to target glutamatergic dysfunction 20 and exhibits its mode-of-action by binding to the open state of the NMDA receptor channel. 21 One hypothesis as to how 7 works is by normalising the increased activity of NMDA-receptors that has been reported in a number of neurodegenerative diseases, including AD, without affecting receptor function in non-pathological conditions. 22 The normal function of the NMDA-receptor allows Ca 2+ influx for neurotransmission, however, in the disease situation, increased activity of the NMDA-receptor may cause prolonged channel opening which leads to excessive Ca 2+ influx, excitotoxicity and cell-death. 23 Whether inhibiting excitotoxicity through NMDA receptors fully explains the efficacy of 7 in AD is unclear.
memantine (7)
Clinical trials of memantine for use in moderate to severe AD have shown positive effects on patient cognition and function, as well as associated societal benefits. 24 A beneficial effect on patient quality of life, however, is inconclusive. 25 Since many patients take both memantine and donepezil, a combination therapy, Namazaric, is now available as a convenient once-daily capsule. 26
Recent Clinical Failures
Alzheimer's disease drug development has historically shown a remarkably high failure rate. In the decade of 2002-2012, 244 drugs were tested in AD clinical trials registered with clinicaltrials.gov. 27 Only one of these, memantine (7), successfully completed clinical trials and was approved by the FDA; this represents a success rate of just 0.4%. Highlighting this issue again are several recent, high-profile phase III clinical trial failures which have explored both the -amyloid hypothesis (BACE1 inhibitors, anti-A antibodies) and other approaches (RAGE, PPAR, 5-HT6).
verubecestat (8) lanabecestat (9) atabecestat (10) β-site amyloid precursor protein-cleaving enzyme 1 (BACE1, also known as -secretase) is one of the enzymes responsible for the processing of APP to Aβ, and as such plays a key role in the Aβ hypothesis of AD. Three different BACE inhibitors, verubecestat (8, Merck), lanabecestat (9, AstraZeneca & Eli Lilly) and atabecestat (10, Janssen) have recently failed in clinical trials. Verubecestat has been shown to reduce plasma, CSF and brain concentrations of toxic Aβ species not only in animal models but also AD patients. 28 However, the EPOCH trial, testing the efficacy of verubecestat in mild to moderate AD patients, failed a futility analysis in early 2017. A second trial (APECS), testing verubecestat in prodromal AD was also halted early due to lack of efficacy. Results of the EPOCH trial have been recently published, and while CSF levels of Aβ and brain amyloid load were shown to be decreased by drug treatment, this ultimately had no effect on slowing the progression of AD in patients. 29 Lanabecestat was under evaluation in two clinical trials AMARANTH (early AD) and DAYBREAK-ALZ (mild AD). In mid-2018, after failing interim futility analyses, both of these trials were halted. Results from these trials are yet to be published. Atabecestat had also been shown to be effective at reducing CSF concentrations of Aβ1-40 30 and so a phase II trial and a phase III trial were commenced in 2015. The phase II trial was aimed at studying the long-time safety and tolerability of atabecestat treatment, while the goal of the phase III trial (EARLY) was to study the effect of atabecestat treatment on cognitive decline in asymptomatic patients who were at risk of developing AD.
Both of these trials were terminated early, due to observed elevations in patient liver enzymes, indicating liver toxicity. Taken together, these trials seem to indicate that targeting BACE1 to improve cognitive function in AD, at least for prodromal, mild and moderate AD patients, would not appear to be a successful strategy so far.
Solanezumab (Eli Lilly) is a humanised monoclonal antibody which recognises the mid-domain of Aβ and is selective for soluble Aβ. 31 Phase II studies had indicated that treatment with the antibody increased total levels of Aβ in plasma, as well as increased levels of unbound Aβ1-42 in CSF. 32 EXPEDITION 1 and EXPEDITION 2 were two phase III studies initiated with mild to moderate AD patients. The primary outcomes were the change in scores on the Alzheimer's Disease Assessment Scale (ADAS) scale from baseline. 33 EXPEDITION 1 ended before EXPEDITION 2, and after the trial data had been analysed, a benefit was observed in patients with mild, but not moderate, AD. Therefore, the primary analysis population for EXPEDITION 2 was altered to patients with mild AD, but even with this change in primary outcome, the EXPEDITION 2 trial did not show any improvement in score. 33 A third phase III clinical trial, EXPEDITION 3, was designed to further test the observation that solanezumab treatment showed a beneficial effect in patients with mild AD. 34 Glycation Endproducts (RAGE). RAGE is a transmembrane receptor of the immunoglobulin superfamily, widely expressed by microglia and endothelial cells and known to be upregulated in AD. Aβ is a known ligand for RAGE, and it is thought that RAGE promotes Aβ influx into the brain, disrupting blood-brainbarrier (BBB) integrity. 35 A phase II study of 11 showed that treatment for patients with mild AD gave statistically significant improvement in cognition over 18 months. 36 A phase III study, STEADFAST, was then initiated, however this was terminated in mid-2018 due to lack of efficacy. The results have not yet been published.
pioglitazone (12) Pioglitazone (12) is an agonist of the nuclear receptor Peroxisome Proliferator-Activated Receptor γ (PPAR-γ) which is an approved drug for the control of blood sugar in adults with type 2 diabetes. 37 It has been shown that increases in tau phosphorylation and A deposition are promoted by increased insulin resistance, 38 and that PPAR-γ agonists are able to reduce both inflammation and amyloid plaque burden. 39 In a small study of patients with mild AD, pioglitazone treatment was shown to improve cognition and regional cerebral blood flow. 40 In 2013, Takeda and Zinfandel Pharmaceuticals began the TOMMORROW phase III trial with two main goals: to determine the effectiveness of pioglitazone in delaying onset of Mild Cognitive Impairment due to Alzheimer's disease (MCI-AD) and the second was to evaluate a new genetic test to identify individuals at risk of developing MCI-AD. 41 In early 2018 it was announced that the trial had failed an interim futility analysis and would be terminated, with results not yet published.
idalopirdine (13) intepirdine (14) Idalopirdine (13, Lundbeck & Otsuka) is a small molecule serotonin 5-hydroxytryptamine-6 (5-HT6)
antagonist. Antagonism of 5-HT6 receptors has positive effects on cognitive function in animals, 42 potentially through neurotransmitter modulation. 43 Previous phase II trials of idalopirdine had not indicated a statistically significant effect on cognition, 44 though a trial of idalopirdine in combination with donepezil showed a significant improvement in cognitive function compared to donepezil treatment alone. 45 Three phase III studies (STARSHINE, STARBEAM, STARBRIGHT) were then conducted to establish efficacy of idalopirdine as an adjunctive therapy to acetylcholinesterase inhibitors for symptomatic treatment of patients with mild-moderate AD. 46 For all 3 trials, 6 months of a combination of idalopirdine with 4, 5 or 6 did not improve cognition. 46 The potential for 5-HT6 antagonism as a viable AD therapy appears to be limited, especially in light of the previous failure of 5-HT6 antagonist intepirdine (14) in a similar combination therapy approach (MINDSET). 47 The multitude of clinical trial failures begs the question of whether the mechanisms were adequately
tested. The answer is probably "yes and no" depending on the trail. Recently, Karran and Hardy presented a critique of the drug discovery and phase 3 clinical programs targeting the amyloid hypothesis for AD which addresses this and other key questions. 48 Solanezumab for example, had been observed to have the desired pharmacological effect (significant increase in unbound CSF Aβ1-42) in AD patients, 32 yet this did not correspond to improved cognition when compared to placebo treatment, even when tested in patients with mild AD. 34 Verubecestat treatment had shown reductions in Aβ40, Aβ42 and APPβ (the direct product of BACE activity) in AD patients. 28 Once again, this did not correspond to improved cognition compared to placebo, 29 even when tested in patients with prodromal AD. Therefore, the failure of these particular trials does not appear to be a failure of drug-target engagement. For the amyloid hypothesis, it has been suggested that for therapeutic intervention to be effective, the agent may need to be applied prophylactically many years before amyloid deposition and cognitive decline are evident. 49 At the beginning of 2018, there were 14 phase III trials addressing amyloid targets, with a movement towards treating cognitively normal patients with evidence of amyloid pathology. 50 With more trials focussed on early-stage AD, however, a concern is that this will lead to a reduction in the number of trials being conducted for moderate to advanced AD therapies. 50 A more diverse range of targets implicated in different stages of AD would therefore be of significant benefit to the AD drug discovery pipeline.
AD Treatments in Clinical trials
In recent years, Cummings and co-workers have reported an annual comprehensive analysis of the AD drug development pipeline (Figure 4) , 50 along with recommendations for finding an effective way to treat or prevent AD by 2025. 51 A 2018 study into the factors associated with dementia-related behavioural crises found agitation and aggression to be the most commonly reported behavioural crisis, diminishing the quality of life of both people with dementia as well as their caregivers. 54 
Disease Modifying
More than 60% of the drugs currently in clinical trials can be described as 'disease modifying'; that is, treatments that attempt to alter the pathology of AD with the aim of slowing down, stopping or even reversing the progression of the disease. Of those in phase III clinical trials, many are targeted at misfolded proteins, with most classed as anti-amyloid (11 agents) and one as anti-tau. Despite recent clinical failures, 60 two of these are BACE inhibitors: elenbecestat (21, Eisai & Biogen) and CNP520 (22, Novartis & Amgen). 61 CNP520 has been reported to show an improved selectivity profile for BACE1 over BACE2 and other aspartic proteases, which it is hoped will reduce off-target side-effects observed in patients with earlier generation BACE inhibitors. 62 In healthy adults >60 years old, treatment with CNP520 was safe, well tolerated and resulted in robust, dose-dependent A reduction in CSF. Thus, long term studies with CNP520 have been initiated in the prevention of AD. 62 elenbecestat (21) CNP520 (22) Immunotherapy represents another major misfolded protein strategy being pursued in the clinic with several passive anti-amyloid agents in phase II and III (Table 1) . 63 There is also the emergence of tau as a major target of interest with four passive anti-tau therapies in phase II. 64 Additionally, there are a number of active immunity agents (vaccines) currently in phase II as both anti-amyloid 65 and anti-tau therapies. 66
Agent Clinical Status Company Notes
Passive TRx0237 (23) posiphen (24) There are also clinical approaches beyond directly targeting misfolded proteins such as restoring glucose homeostasis in the brain. 71 A number of trials are exploring the use of treatments for type II diabetes to increase insulin signalling in the brain of AD patients including: insulin, formulations of insulin for nasal delivery, and peptide liraglutide which is a long-acting derivative of incretin GLP-1. Recently, it has been proposed that AD may have a viral link 72 and the anti-viral drug valaciclovir (25, Umeå University, phase II), used to treat herpes (HSV-1) infections, is currently recruiting patients with mild AD.
valaciclovir (25) 
Neuroprotective and Regenerative
Treatments targeted at neuroprotection and cognitive enhancement are currently the most diverse in terms of mechanism of action and make up a larger proportion of therapies in early phase clinical trials.
These include agents aimed at improving synapse plasticity and cognition such as AZD0530 (26, Yale University with drug supplied through AstraZeneca's Open Innovation Initiative) which is a repurposed dual Src and Abl kinase inhibitor acting through Fyn kinase inhibition, 73 and BI425809 (no structure disclosed, Boehringer Ingelheim) a glycine transporter inhibitor. 74 Modalities have been developed to prevent neuron loss and neurite dystrophy such as LM11A-31 (27, PharmatrophiX Inc.) which is targeted at the p75 neurotrophin receptor, 75 and also reducing hippocampal hyperactivation through modulation of the synaptic vesicle protein 2A (SV2A) with levetiracetam (28, AgeneBio). 76
AZD0530 (26) LM11A-31 (27) levetiracetam (28) Therapies directed at neuronal regeneration are relative newcomers to the AD pipeline and currently focussed around the use of human mesenchymal stem cells (hMSC) derived from adipose tissue, placental tissue or bone marrow. 77 hMSC treatments being investigated for AD in phase I and II clinical trials include: Longeveron MSCs; CB-AC-02; Astrostem; and Neurostem. A small molecule approach to neuronal regeneration therapy, currently in phase I, is NDX-1017 (no structure disclosed, M3 Biotech.) which is targeted at activating the neurotrophic pathway through hepatocyte growth factor (HGF).
Emerging preclinical approaches and the importance of neuroinflammation
Approaches to develop disease modifying treatments for AD (A lowering and tau lowering) have until recently been largely driven by the human brain pathology of the disease, our understanding of disease biology from preclinical models, and the autosomal dominant mutations in APP, PSEN1, and PSEN2.
However, a plethora of GWAS over recent years have identified >30 "risk genes" where a polymorphism in the gene has the effect of changing the risk of an individual to get AD. 5 The strongest risk gene is Apoe4, however, despite 25 years of effort to understand its role in AD, ApoE4 remains somewhat enigmatic, and there has not been any significant efforts directed at Apoe4 as a drug target.
Beyond ApoE4, the risk genes identified can be categorized based upon their known biology and their cellular expression. The category with the largest number of these risk genes is "neuroinflammation", with expression, where known, localised to microglial cells. 78 Microglia are the innate immune cells endogenous to the central nervous system (CNS). 79 They share some aspects of their biology, and certainly aspects of their gene expression profile, with monocytes and macrophages and are the first line of immune defence for the CNS. Microglia also play a key role in constantly surveying their environment and scavenge misfolded protein or plaques, along with damaged or dying cells or synapses. into early stage development with the goal of normalising microglia inflammatory activity. 81 Additional examples under investigation include the P2Y6 GPCR agonist GC021109 (no structure disclosed, Gliacure) in phase I supported by its anti-inflammatory activity at microglia 82 and CSF1R inhibitors based upon their ability to inhibit microglia proliferation. 83 However, even though there is good basic science, microglia biology is still at an early phase with few quality tools to assess microglia in vitro and in vivo. 81
Conclusions and Future Direction
Without doubt, there is clearly a need for superior drug therapies to treat AD patients. There is significant value in the discovery of new symptomatic treatments for AD patients as these symptoms are debilitating for the patients and have significant impact on their carers. This also represents an area of significant unmet medical need in the area of mental health and so these objectives are quite complementary.
Therapies that target A have been the focus of efforts to develop a disease modification treatment for AD. BACE1 inhibitors and anti-A antibodies are the most advanced of these potential therapies, however, both approaches have failed to show clinical benefit so far. One widely held hypothesis to explain this failure is that the intervention occurred too late during the course of the disease. 84 Beyond the -amyloid hypothesis, there are a number of newer approaches to treat AD with neuroinflammation emerging as a very active area of research based on risk gene analysis. There is significant activity to interrogate and integrate GWAS risk gene data to understand cellular signalling pathways that may be perturbed in AD and predict potential points for therapeutic intervention.
Along with improved drug therapies, it is also imperative that lessons are learned from AD clinical trials with negative outcomes to improve future study design. 85 These improvements in trial design and interpretation will clearly benefit from an increased publication of trial data which is currently just 27% of completed trials. 86 It is projected that by 2050 there will be 150 million people suffering with dementia globally with the majority having AD. 2 Effective treatments are urgently required to alleviate the symptoms and arrest progression of the disease. Despite a number of pharma companies exiting discovery-stage neuroscience research in recent years for commercial reasons, there is still a healthy AD research community dedicated to bring forward effective treatments that bring patient benefit. RIPK1, receptor-interacting serine/threonine-protein kinase 4; TREM2, triggering receptor expressed on myeloid cells 2.
